Introduction {#sec1}
============

Metal chalcogenides constitute an important family of medium to narrow band gap semiconductors. Much attention has been given to the synthesis of binary metal chalcogenides, such as FeS, CdS, CoS, ZnS, SnS, PbS, NiS, MnS, Ag~2~S, Cu~2~S, In~3~S~2~, Bi~2~S~3~, Ga~2~S~3~, Sb~2~S~3~, WS~2~, and MoS~2~ for applications in optoelectronics,^[@ref1]−[@ref3]^ photovoltaics,^[@ref4]−[@ref8]^ piezoelectronics,^[@ref9]^ thermoelectronics,^[@ref10]−[@ref12]^ and, for the layered metal chalcogenides, as solid lubricants in mechanical systems.^[@ref13]−[@ref15]^ Furthermore, many ternary and quaternary metal sulfides, for example, copper iron sulfide (CuFeS~2~, CFS) and copper zinc tin sulfide (CZTS, Cu~2~ZnSnS~4~), are used as absorber layers in thin film photovoltaic devices because of their photoelectric characteristics, which are suitable for potentially inexpensive and sustainable solar energy generation.^[@ref16]−[@ref18]^ Various methods have been used for the deposition of metal chalcogenide thin films, such as chemical vapor deposition, electrodeposition, anodization, successive ionic adsorption and reaction (SILAR), electroconversion, chemical bath deposition, and solution--gas interface techniques.^[@ref19]−[@ref26]^ Among those techniques, spray deposition is potentially a very simple and cost-effective technique for the deposition of metal sulfide films for large and complex surfaces.

Spray annealing is used to deposit ceramic coatings, including thick and thin films of metal oxides. In this method, a solution is sprayed onto the preheated substrate to obtain homogeneous microcrystalline semiconducting and photoconductive films. This deposition method can also be used for the fabrication of multilayer films. Spray pyrolysis has been used for a number of decades in the glass industry to produce coatings, for example, during the Pilkington process and for the production of solar cells.^[@ref27],[@ref28]^ There has also been some research into the deposition of higher metal sulfides, that is, ternary and quaternary systems by spray coating. Sayed et al. deposited Cu~2~SnS~3~ (CTS) film onto the molybdenum coated soda lime glass substrates using a chemical spray pyrolysis method. The films were deposited by using an aqueous solution of copper nitrate, tin methanesulfonate, and thiourea and was further annealed at 550 °C for 30 min in the presence of elemental sulfur and SnS. The effect of the annealing on the films deposited by spray annealing method was also studied.^[@ref29]^ Chen et al. also studied the deposition of ternary Cu~2~SnS~3~ (CTS) by spray pyrolysis and by rapid thermal annealing method.^[@ref30]^ Moumen et al. deposited CuO thin films using the spray pyrolysis technique at several temperatures. The effect of substrate temperature on the structural and optical properties of the films deposited onto the glass substrate using an aqueous solution of copper chloride were explored.^[@ref31]^

The advent of aerosol assisted chemical vapor deposition (AACVD) has also made it possible to deposit metal chalcogenide materials from solution based precursors, such as metal xanthate and metal dithiocarbamate complexes. In these processes, precursors in a solvent are nebulized and carried by an inert gas to an heated substrate where deposition occurs. AACVD is scalable, and the requirement of precursor volatility is removed thus expanding the palette of possible metal complex precursors that can be of use. An excellent review of the area has been produced by Knapp and Carmalt.^[@ref32]^

The benefits of spray pyrolysis (excellent scalability) can potentially be combined with those of AACVD (wide precursor choice and products); in this Article, we investigate the feasibility of deposition of main group and transition metal sulfides directly using spray deposition. Molecular precursors based on metal dithiocarbamates decompose under thermal stress to the corresponding metal sulfide. We, therefore, reasoned that if we spray solutions of these molecular precursors to coat materials, followed by a relatively low temperature thermal treatment step (\<500 °C), we could obtain metal sulfides from a very simple processing route with great potential for scalability, and be able to coat substrates with complex topologies. The molecular precursor method that we propose is particularly powerful for this approach as the deposited precursors can be sprayed in the correct stoichiometry to produce the desired metal sulfide after thermolysis. By using single precursors we could access binary sulfides. By using mixtures two or three precursors in tandem, we could potentially access the higher ternary and quaternary transition metal and main group sulfides. This Article explores these possibilities.

Experimental Section {#sec2}
====================

General Considerations {#sec2.1}
----------------------

All solvents and reagents were purchased from Sigma-Aldrich and used as received without further purification.

Instrumentation {#sec2.2}
---------------

Elemental analysis and thermogravimetric analysis (TGA with a heating rate of 10 °C/min under nitrogen from 30 to 600 °C) were performed by the University of Manchester, Department of Chemistry microanalytical laboratory. Powder X-ray diffraction (p-XRD) was performed using Bruker D8 Advance diffractometer. All samples were scanned between 10° to 80° using Cu Kα radiation (λ = 1.5406 Å) with step 0.02° and integration time of 3 s. Infrared spectra were recorded on a Specac single reflectance ATR instrument (4000--400 cm^--1^, resolution 4 cm^--1^). Scanning electron microscopy (SEM) was carried out using a TESCAN Mira3 microscope. Energy-dispersive X-ray (EDX) spectroscopy was performed with an LC FEGSEM + OI EBSD + EDX instrument.

Synthesis of Molecular Precursors {#sec2.3}
---------------------------------

All the metal complexes in this study were prepared as described previously.^[@ref33]−[@ref41]^ A brief description of the synthesis and characterization of each metal complex is given in the [Supporting Information](http://pubs.acs.org/doi/suppl/10.1021/acsaem.9b02359/suppl_file/ae9b02359_si_001.pdf).

Air-Spray Deposition of Metal Sulfides {#sec2.4}
--------------------------------------

Glass substrates were thoroughly washed with acetone to remove any contamination and used for the deposition of metal sulfide films. In a typical deposition, 0.2 g (0.35 mmol) of precursors was dissolved in 25 mL of tetrahydrofuran (THF) and filtered. The solution was held in a small glass container attached to a shop-bought artistic air brush. The solution was carried in the form of spray by a stream of argon (500--600 cm^3^ min^--1^) onto the glass substrates placed on the hot plate at 200 °C. The solvent evaporated quickly and left the precursor in the form of uniform film on the glass substrate. The spraying time, the solution flow rate and the distance between the nozzle and the substrate were optimized to fabricate smooth, homogeneous and visually crack free films. These films were loaded into a quartz tube and heated between 350 to 450 °C under Ar for 30--60 min (see [Table [1](#tbl1){ref-type="other"}](#tbl1){ref-type="other"} for specific temperatures and [Figure S8](http://pubs.acs.org/doi/suppl/10.1021/acsaem.9b02359/suppl_file/ae9b02359_si_001.pdf) for a picture of the apparatus).

###### Elemental Quantification and Structural Characterisation by pXRD and Raman Spectroscopy of Binary, Ternary and Quaternary Metal Sulfides Deposited in This Study[a](#tbl1-fn1){ref-type="table-fn"}

  compounds                               precursor formula and stoichiometry   processing temperature (°C)   EDXS (atomic %)                      metal sulfide empirical formula (found, normalized to sulfur)   major X-ray reflections (2θ deg/*hkl*, Cu Kα)[b](#tbl1-fn2){ref-type="table-fn"}   Raman scattering peak maxima/cm^--1^ (phonon, exc 514 nm)   structural assignment (corresponding mineral name)
  --------------------------------------- ------------------------------------- ----------------------------- ------------------------------------ --------------------------------------------------------------- ---------------------------------------------------------------------------------- ----------------------------------------------------------- ----------------------------------------------------
  **1**                                   Fe(S~2~CNEt~2~)~3~                    450                           Fe: 50.5, S: 49.5                    FeS                                                             30.7 (200)                                                                         no peaks observed                                           hexagonal FeS (troilite)
  34.6 (201)                                                                                                                                                                                                                                                                                                                                                      
  44.7 (202)                                                                                                                                                                                                                                                                                                                                                      
  65.1 (213)                                                                                                                                                                                                                                                                                                                                                      
  **2**                                   Ni(S~2~CNEt~2~)~2~                    450                           Ni: 46.6, S: 53.4                    Ni~0.9~S~1.0~                                                   30.2 (100)\*                                                                       no peaks observed                                            
  **3**                                   Ga(S~2~CNEt~2~)~3~                    450                           Ga: 40.7, S: 59.3                    Ga~2~S~3~                                                       29.7 (111)                                                                         no peaks observed                                           cubic γ-Ga~2~S~3~
  49.4 (220)                                                                                                                                                                                                                                                                                                                                                      
  58.7 (311)                                                                                                                                                                                                                                                                                                                                                      
  **4**                                   In(S~2~CNEt~2~)~3~                    450                           In: 34.4, S: 65.6                    In~1.9~S~3.0~                                                   14.2 (111)                                                                         132                                                         cubic α-In~2~S~3~
  23.3 (220)                              165                                                                                                                                                                                                                                                                                                                     
  27.4 (311)\*                            248                                                                                                                                                                                                                                                                                                                     
  33.1 (400)                              312                                                                                                                                                                                                                                                                                                                     
  43.4 (511)                              365                                                                                                                                                                                                                                                                                                                     
  47.6 (440)                                                                                                                                                                                                                                                                                                                                                      
  **5**                                   Cd(S~2~CNEt~2~)~2~                    450                           Cd: 48.0, S: 52.0                    CdS                                                             24.8 (100)                                                                         300 (1LO)                                                   hexagonal CdS (greenockite)
  26.5 (002)                              600 (2LO)                                                                                                                                                                                                                                                                                                               
  28.2 (101)                                                                                                                                                                                                                                                                                                                                                      
  **6**                                   Bi(S~2~CNEt~2~)~3~                    450                           Bi: 49.5, S: 50.5                    BiS                                                             15.7 (020)                                                                         121                                                         orthorhombic Bi~2~S~3~
  22.4 (220)                              227                                                                                                                                                                                                                                                                                                                     
  25.0 (111)                                                                                                                                                                                                                                                                                                                                                      
  28.6 (211)                                                                                                                                                                                                                                                                                                                                                      
  48.3 (060)                                                                                                                                                                                                                                                                                                                                                      
  **7**                                   Mn(S~2~CNEt~2~)~2~                    350                           Mn: 50.3, S: 49.7                    MnS                                                             34.3 (200)                                                                         no peaks observed                                           cubic MnS (alabendite)
  49.3 (220)                                                                                                                                                                                                                                                                                                                                                      
  **8**                                   Pb(S~2~CNEt~2~)~2~                    450                           Pb: 49.3, S:50.7                     PbS                                                             30.0 (200)\*                                                                       130 (LAM/TAM)                                               cubic PbS (galena)
  431 (2LO)                                                                                                                                                                                                                                                                                                                                                       
  602 (3LO)                                                                                                                                                                                                                                                                                                                                                       
  **9**                                   Ag(S~2~CNEt~2~)                       450                           Ag: 65.8, S: 34.2                    Ag~2~S                                                          25.9 (−111)                                                                        no peaks observed                                           monoclinic Ag~2~S (acanthite)
  37.7 (−103)                                                                                                                                                                                                                                                                                                                                                     
  **10**                                  Sb(S~2~CNEt~2~)~3~                    450                           Sb: 32.7, S: 67.3                    Sb~2.1~S~3.0~                                                   11.1 (101)                                                                         127                                                         orthorhombic Sb~2~S~3~
  15.6 (200)                              146                                                                                                                                                                                                                                                                                                                     
  17.5 (201)                              185                                                                                                                                                                                                                                                                                                                     
  22.2 (202)                              234                                                                                                                                                                                                                                                                                                                     
  24.8 (301)                              279                                                                                                                                                                                                                                                                                                                     
  28.4 (302)                              300                                                                                                                                                                                                                                                                                                                     
  35.4 (402)                                                                                                                                                                                                                                                                                                                                                      
  45.4 (404)                                                                                                                                                                                                                                                                                                                                                      
  **11**                                  Co(S~2~CNEt~2~)~2~                    450                           Co: 52.4, S: 47.6                    Co~1.1~S~1.0~                                                   30.6 (100)                                                                         no peaks observed                                           hexagonal CoS
  34.7 (002)                                                                                                                                                                                                                                                                                                                                                      
  35.3 (101)                                                                                                                                                                                                                                                                                                                                                      
  46.9 (102)                                                                                                                                                                                                                                                                                                                                                      
  54.4 (110)                                                                                                                                                                                                                                                                                                                                                      
  **12**                                  Cu(S~2~CNEt~2~)~2~                    450                           Cu: 48.5, S: 51.5                    Cu~0.9~S~1.0~                                                   27.3 (102)                                                                         471                                                         tetragonal Cu~2~S
  32.6 (111)                                                                                                                                                                                                                                                                                                                                                      
  39.0 (104)                                                                                                                                                                                                                                                                                                                                                      
  45.3 (200)                                                                                                                                                                                                                                                                                                                                                      
  **13**                                  Zn(S~2~CNEt~2~)~2~                    450                           Zn: 44.3, S: 55.7                    Zn~0.8~S~1.0~                                                   31.7 (107)\*                                                                       no peaks observed                                           hexagonal ZnS (wurtzite)
  **14**                                  Sn(But)~2~(S~2~CNEt~2~)~2~            400                           Sn: 50.5, S: 49.5                    SnS                                                             31.4 (111)\*                                                                       158 (B~3g~)                                                 orthrhombic SnS (herzenbergite)
                                          182 (B~1g~)                                                                                                                                                                                                                                                                                                             
  **15**                                  WS~3~(S~2~CNEt~2~)~2~                 450                           W: 28.8, S: 71.2                     W~0.8~S~2.0~                                                    33.4 (101)                                                                         171                                                         hexagonal 2*H*-WS~2~ (tungstenite)
  59.2 (008)                              351 (E^1^~2g~)                                                                                                                                                                                                                                                                                                          
                                          415 (A~1g~)                                                                                                                                                                                                                                                                                                             
  **16**                                  Mo(S~2~CNEt~2~)~4~                    450                           Mo: 33.8, S: 66.2                    MoS~2~                                                          32.8 (100)                                                                         382 (E^1^~2g~)                                              hexagonal 2*H*-MoS~2~ (molybdenite)
  33.6 (101)                              406 (A~1g~)                                                                                                                                                                                                                                                                                                             
  58.6 (110)                                                                                                                                                                                                                                                                                                                                                      
  **1** and **12**                        1 equiv of Fe(S~2~CNEt~2~)~3~         450                           Cu: 19.7, Fe: 25.8, S: 54.6          Cu~0.7~Fe~0.9~S~2.0~                                            29.5 (112)\*                                                                       215 (A~1~)                                                  tetragonal CFS (chalcopyrite)
  1 equiv Cu(S~2~CNEt~2~)~2~              49.0 (204)                            281 (A~1~)                                                                                                                                                                                                                                                                        
                                          57.9 (312)                            392 (B~2~)                                                                                                                                                                                                                                                                        
  **12**, **13**, and **14**              2 equiv of Cu(S~2~CNEt~2~)~2~         450                           Cu: 30.5, Zn: 12.0,Sn: 9.4 S: 48.1   Cu~2.5~Zn~1.0~Sn~0.8~S~4.0~                                     28.5 (112)\*                                                                       285                                                         tetragonal CZTS (kesterite)
  1 equiv of Zn(S~2~CNEt~2~)~2~           47.3 (220)                            332                                                                                                                                                                                                                                                                               
  1 equiv of Sn(But)~2~(S~2~CNEt~2~)~2~   56.2 (312)                                                                                                                                                                                                                                                                                                              
                                                                                                                                                                                                                                                                                                                                                                   

The EDX data is compiled from integrated emission peak intensity in EDX spectra.

Asterisk (\*) indicates the preferred orientation.

Results and Discussion {#sec3}
======================

Thermogravimetric Analysis of Metal Dithiocarbamate Precursors {#sec3.1}
--------------------------------------------------------------

All precursors were subject to thermogravimetric analysis (TGA) to investigate the decomposition of the metal dithiocarbamate complexes to the corresponding metal sulfides and in order to find suitable processing temperatures to convert the air sprayed precursors to metal sulfides ([Figure S1](http://pubs.acs.org/doi/suppl/10.1021/acsaem.9b02359/suppl_file/ae9b02359_si_001.pdf)). This is especially important for the higher ternary and quaternary systems where incongruent decomposition could potentially produce unwanted mixtures of binary chalcogenides rather than the target materials. TGA of diethyl dithiocarbamato complexes of cadmium, indium, copper, zinc, nickel, lead, and iron show single-step decompositions in the temperature range of 300--400 °C. The TGA profile of molybdenum precursor shows a four step decomposition with final residue of 27.82%, which is within the experimental error of the calculated value 27.88% for MoS~2~. Thermogravimetric analysis (TGA) of WS~3~L~2~ also shows four step decomposition at 133.50, 197.08, 319.71, and 394.13 °C which correspond to weight losses of 10.7%, 16.7%, 7.79%, and 7.84%, respectively, with a total weight loss of 43.0% (calcd 57%). The difference between the calculated and theoretical weight loss is potentially due to decomposed ligand contamination under the conditions imposed by TGA.

Structural Characterization of Deposited Binary Metal Sulfides {#sec3.2}
--------------------------------------------------------------

TGA profiles of the precursors revealed the complete decomposition of metal complexes in the temperature range of 300--450 °C. Therefore, the optimum annealing temperature for the films deposited by air spray was selected to be 450 °C. Metal dithiocarbamates were loaded into a quartz tube and heated in a furnace at this temperature under argon for 1 h to allow the complete decomposition to their respective metal sulfides. Powder X-ray diffraction (p-XRD) and Raman spectroscopy were used in tandem to identify the crystalline phases of the products, and the results of these analyses are summarized in [Table [1](#tbl1){ref-type="other"}](#tbl1){ref-type="other"} (see [Supporting Information](http://pubs.acs.org/doi/suppl/10.1021/acsaem.9b02359/suppl_file/ae9b02359_si_001.pdf) for full discussion with p-XRD patterns and Raman spectra). In all cases, we demonstrate the production of a single identifiable crystalline phase that corresponded to the metal sulfide for each metal dithiocarbamate studied, for both transition metal chalcogenide and main group chalcogenide examples. We note that in some cases using an excitation wavewlength of 514 nm did not give rise to observable Raman signals which is potentially due to interference from luminescence in these samples.

Electron Microscopy Characterization of Deposited Binary Metal Sulfides {#sec3.3}
-----------------------------------------------------------------------

The morphologies of the metal sulfide films deposited by the air-spray annealing method were investigated by SEM ([Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}). The growth of MoS~2~ nanostructures has been demonstrated recently with a direct melt process from molybdenum dithiocarbamates.^[@ref42]^ It has also recently been demonstrated that such molecules are useful precursors for producing nanocrystalline MoS~2~ at the liquid--liquid interface at room temperature.^[@ref43]^ Indeed the SEM images of as-deposited MoS~2~ from air spray deposition reveals sheet-like crystallites as suggested by the p-XRD patterns and consistent with its layered crystal structure. The growth of the nanocrystals along the planes (100) and (101) consistent parallel to the substrate surface rather than lamellar morphology corresponding to (002) planes of MoS~2~ film as reported in the previous studies.^[@ref44]−[@ref47]^ This was further investigated by analyzing MoS~2~ sheets using TEM ([Figure S7](http://pubs.acs.org/doi/suppl/10.1021/acsaem.9b02359/suppl_file/ae9b02359_si_001.pdf)), which reveals nanosheets of MoS~2~ rather than multilayered bulk structure, which confirm the growth of nanosheets in the \[*hk*0\] direction, that is, the basal plane as suggested by the preferred orientation and significant peak broadening in the p-XRD pattern that leads to the disappearance of the (002) peak, which is usually intense in samples of bulk molybdenite. TEM images of MoS~2~ nanosheets are also consistent with the result from Raman spectroscopy which shows two strong peaks at the in-plane E~2g~^1^ and the out-of-plane A~1g~ vibration both are the characteristics peaks of MoS~2~. The selected-area electron diffraction (SAED) pattern of the deposited MoS~2~ nanosheets is highly diffuse and broadened rings are consistent with the p-XRD pattern and TEM images of MoS~2~.^[@ref48]−[@ref51]^ Hence, it may be possible to produce TMDC nanosheets directly from a spray-on process as demonstrated here.

![SEM images of binary metal sulfide films deposited onto glass substrates by air spray. Each film is labeled for clarity with the crystalline metal sulfide produced based on p-XRD and Raman data collected.](ae9b02359_0001){#fig1}

The WS~2~ film deposited by air spray annealing method also show sheetlike morphology whilst films deposited by AACVD onto glass substrates show floret-like morphology.^[@ref20]^ The morphology of MnS film shows the aggregation of small particles leads to bulk particles, which may be due to the formation of a large number of small nuclei prior to crystallization of the final material.^[@ref52]^ Iron sulfide films exhibit small hexagonal platelike crystallites agglomerated together into clusters. We note that FeS films deposited by different methods also show hexagonal plates and sheet like crystallites. The crystallites of cobalt sulfide (CoS) show petal like morphology with different sizes, while some of these are agglomerated into clusters. The SEM analysis of NiS and Cu~2~S reveal small crystallites with spheroidal morphology. The surface morphology of the Ag~2~S film examined by SEM shows that it is comprised of densely packed and homogeneous small sized grains, while the zinc sulfide film is constituted by spheroidal crystallites.

SEM images of CdS film shows highly agglomerated spherical nanoparticles. The SEM images of gallium sulfide (Ga~2~S~3~) and lead sulfide (PbS) films revealed the cubic morphologies of the crystallites deposited onto glass substrates. Indium sulfide (In~2~S~3~) films shows floret like morphology. The SnS film is polycrystalline with sheet-like crystallite morphology. The sheets are randomly distributed throughout the film without any cracks and holes. The SEM images of antimony sulfide (Sb~2~S~3~) and bismuth sulfide (Bi~2~S~3~) films show nanoparticles agglomerated on the surface of dense and uniform nanowires.

EDX elemental quantification of the peak intensity of the elemental emission lines was performed for all binary sulfide materials produced by sampling microscale areas of the as-deposited materials in the SEM ([Table [1](#tbl1){ref-type="other"}](#tbl1){ref-type="other"}). In most cases, the materials show the expected elemental stoichiometry for binary metal sulfides, with the exception of the sulfides of Ni, In, Sb, Co, Cu, W, and Zn, which deviate away from the ideal elemental composition. We note that the results in the table are normalized to the sulfur content; it is impossible to tell if they are sulfur rich or metal deficient from the EDX quantification alone; further characterization of the electronic properties of the materials would be needed to determine this, which is beyond the scope of this study here which focuses on the synthetic pathway.

Air Spray Deposition and Characterization of an Exemplar Ternary Metal Chalcogenide: Copper Iron Sulfide (CFS) {#sec3.4}
--------------------------------------------------------------------------------------------------------------

Ternary materials including the elements Cu--Fe--S have attracted attention for photovoltaic applications where they act as inexpensive and robust absorber layers.^[@ref53],[@ref54]^ There are six copper iron compounds in the Cu--Fe--S ternary system including chalcopyrite (CuFeS~2~), bornite (Cu~5~FeS~4~), cubanite (CuFe~2~S~3~), mooihoekite (Cu~9~Fe~9~S~16~), talnakhite (Cu~9~Fe~8~S~16~) and haycockite (Cu~4~Fe~5~S~8~). In particular, chalcopyrite (CuFeS~2~) is a semiconductor which has been extensively studied due to its narrow band gap.^[@ref55]−[@ref57]^ A number of methods have been used for the deposition of chalcopyrite thin films including flash evaporation, vacuum evaporation, electrochemical deposition, and chemical bath deposition (CBD).^[@ref57]−[@ref60]^

We found that we could also successfully deposit CFS films using air spraying of molecular precursors. The solution for deposition was prepared by dissolving precursors **1** and **12** with 1:1 ratio into 25 mL of tetrahydrofuran (THF) and stirred for 30 min. The solution was sprayed onto the preheated glass substrates. These samples were then loaded into a quartz tube and heated in a furnace at temperature 450 °C under argon for 1 h to allow for complete decomposition of metal dithiocarbamate complexes into their respective metal sulfides. The p-XRD pattern of the as-deposited material ([Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}) could be indexed to tetragonal chalcopyrite (CuFeS~2~, ICDD No. 00-009-0423) with preferred orientation of growth along the (112) plane. The Raman spectrum of CuFeS~2~ ([Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}) shows two strong peaks at 215.2 and 281.4 cm^--1^, which we assign to the A~1~ optical phonon modes and a weak peak at 292.1 cm^--1^, which corresponds to the B~2~ optical phonon mode of CuFeS~2~.^[@ref61]^

![p-XRD pattern of copper iron sulfide (CuFeS~2~; CFS) deposited onto a glass substrate by air-spraying a mixture of **1** and **12** in a 1:1 mol ratio. The standard pattern (red sticks) is tetragonal chalcopyrite (CuFeS~2~, ICDD No. 00-009-0423).](ae9b02359_0002){#fig2}

![Raman spectrum of copper iron sulfide (CuFeS~2~; CFS) film deposited onto a glass substrate by air-spraying a mixture of **1** and **12** in a 1:1 mol ratio.](ae9b02359_0003){#fig3}

Energy-dispersive X-ray (EDX) spectroscopy of the CuFeS~2~ film deposited onto glass substrate by air-spray annealing show that the chalcopyrite materials are sulfur rich and copper deficient ([Table [1](#tbl1){ref-type="other"}](#tbl1){ref-type="other"}). The SEM images of the CuFeS~2~ film shows that the material is comprised of microscale crystallites with spheroidal morphology ([Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}). EDX spectrum mapping of the CuFeS~2~ film show that the distributions of copper, iron, and sulfur are uniform throughout the particles as demonstrated by their spatial colocalization at the microscale ([Figure [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"}).

![SEM images of copper iron sulfide (CFS) film deposited onto glass substrate by air-spray substrate by air spraying a mixture of **1** and **12** in a 1:1 mol ratio.](ae9b02359_0004){#fig4}

![EDX spectrum maps (20 kV) of the Cu Kα, Fe Kα and S Kα emission lines from CuFeS~2~ thin films deposited onto a glass substrate by air spraying a mixture of **1** and **12** in a 1:1 mol ratio.](ae9b02359_0005){#fig5}

Air Spray Deposition and Characterization of an Exemplar Quaternary Metal Chalcogenide: Copper Zinc Tin Sulfide (CZTS) {#sec3.5}
----------------------------------------------------------------------------------------------------------------------

CZTS is a quaternary metal sulfide semiconductor with a direct band gap of ∼1.5 eV and a high optical absorption coefficient (∼10^4^--10^5^ cm^--1^), making it extremely useful for solar devices which now have PCEs above 10%.^[@ref62]^ Previously, the deposition of CZTS thin films has been carried out using several methods including thermal evaporation, pulsed laser deposition, electron beam evaporation, spin coating, and electrodeposition.^[@ref63]−[@ref66]^ Olger et al. reported the deposition of CZTS by sputter deposition of metallic layers onto Mo coated glass substrates followed by the annealing at 530 and 560 °C in the presence of elemental sulfur.^[@ref67]^ Long et al. reported deposition of CZTS thin films from sol--gels followed by sulfurization.^[@ref68]^ Benachour et al. studied the influence of annealing time on the structural and optical properties of CZTS thin films deposited by dip-coating from a mixture of hydrated chloride salts of copper, zinc, tin, and thiourea dissolved in methoxyethanol.^[@ref69]^

CZTS films were successfully deposited using air spray deposition. The solution for deposition was prepared by dissolving the precursors **12**, **13**, and **14** with 2:1:1 ratio into 25 mL of tetrahydrofuran (THF) and stirred for 30 min. The solution was loaded into the magazine and sprayed onto the preheated glass substrates. These substrates were loaded into a quartz tube and heated in a furnace at temperature 450 °C under argon for 1 h to allow for complete decomposition of metal dithiocarbamate complexes into their respective metal sulfides. The p-XRD pattern of CZTS confirms the deposition of kesterite, Cu~2~ZnSnS~4~ ([Figure [6](#fig6){ref-type="fig"}](#fig6){ref-type="fig"}a, ICDD No. 00-026-0575) with some minor reflections from cubic copper sulfide, Cu~2~S (ICDD No. 00-002-1287), which is consistent with a copper rich CZTS film. The preferred orientation of the crystallites growth is along the (112) plane. The Raman spectrum of the thin film shows two main peaks at 284.9 and 332.3 cm^--1^, which can be attributed to CZTS ([Figure [6](#fig6){ref-type="fig"}](#fig6){ref-type="fig"}b).^[@ref70]^ Energy dispersive X-ray (EDX) spectroscopy of CZTS films confirms that the deposited phase is copper-rich, which is suggested by p-XRD pattern with minor diffraction peaks of Cu~2~S. The surface morphology of the CZTS films is investigated by SEM and images taken at different magnifications are shown in [Figure [7](#fig7){ref-type="fig"}](#fig7){ref-type="fig"}. It can be seen that small sheets agglomerate to form the floret like clusters of different sizes. EDX spectrum mapping of Cu, Zn, Sn, and S emission lines in the as-deposited CZTS demonstrate that the constituent elements are uniformly distributed throughout the film at the microscale ([Figure [8](#fig8){ref-type="fig"}](#fig8){ref-type="fig"}).

![Structural characterization of an exemplar quaternary sulfide. (a) p-XRD pattern of copper zinc tin sulfide (Cu~2~ZnSnS~4~; CZTS) deposited onto glass substrate by air-spraying a mixture of **12**, **13**, and **14** in a 2:1:1 mol ratio. The standard pattern presented (red sticks) is tetragonal kesterite, (Cu~2~ZnSnS~4~, ICDD No. 00-026-0575). The asterisk (\*) indicates reflections from cubic copper sulfide, Cu~2~S (ICDD No. 00-002-1287). (b) Raman spectrum of the as-deposited CZTS showing Raman shifts at 284.9 and 332.3 cm^--1^ and corresponding to tetragonal kesterite.](ae9b02359_0006){#fig6}

![SEM images at various magnifications of CZTS deposited onto glass substrate by air spraying a mixture of **12**, **13**, and **14** in a 2:1:1 mol ratio.](ae9b02359_0007){#fig7}

![EDX spectrum maps (20 kV) of Cu Kα, Zn Kα, Sn Lα, and S Kα emission in Cu~2~ZnSnS~4~ thin films deposited onto a glass substrate by air spraying a mixture of **12**, **13**, and **14** in a 2:1:1 mol ratio. The elements are observed to be spatially colocalized at the microscale consistent with formation of the quaternary material.](ae9b02359_0008){#fig8}

Conclusions {#sec4}
===========

A range of binary, ternary (CFS), and quaternary (CZTS) metal sulfide films have been successfully deposited onto the glass substrates by air-spray annealing method. All the films were deposited using metal diethyldithiocarmato complexes as single source precursors. Powder X-ray diffraction in tandem with Raman spectroscopy was used to identify the phases of the materials. Energy dispersive X-ray spectroscopy (EDX) confirms that empirical formulae are close to those of the target materials. Electron microscopy revealed that the as-deposited materials are polycrystalline with varying morphologies. Significantly, we were also able to use the same approach for the deposition of CFS and CZTS, which are materials pertinent to inexpensive and sustainable solar energy generation using the photovoltaic effect.

In summary, we have shown that air spray annealing is a very simple and inexpensive method for the deposition of binary, ternary, and quaternary metal sulfide films. This now gives the exciting prospect of simple \'*spray and go*\' direct deposition processes for metal sulfide semiconductors. We believe that, given the range of materials successfully deposited here, that the approach is likely to be universal--and that with the correct choice of precursors can be used to deposit many metal chalcogenide materials, on potentially large substrates with complex topologies.

The Supporting Information is available free of charge at [https://pubs.acs.org/doi/10.1021/acsaem.9b02359](https://pubs.acs.org/doi/10.1021/acsaem.9b02359?goto=supporting-info).Synthetic procedures and characterization of metal dithiocarbamate complexes including TGA profiles, p-XRD patterns and Raman spectra and discussion, TEM of MoS~2~, and a picture of apparatus used for spray deposition ([PDF](http://pubs.acs.org/doi/suppl/10.1021/acsaem.9b02359/suppl_file/ae9b02359_si_001.pdf))
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